We consider a model of strong electroweak symmetry breaking in which the expectation value of an additional, possibly composite, scalar field is responsible for the generation of fermion masses.
I. INTRODUCTION
The physics of electroweak symmetry breaking (EWSB) will soon be probed directly at the Large Hadron Collider (LHC). One logical possibility is that the sector responsible for electroweak symmetry breaking will involve new, nonperturbative dynamics. Historically, technicolor models have represented an attempt at constructing viable theories of this type [1] .
Conventional technicolor models, however, suffer from a number of well-known problems.
As originally proposed, the technicolor sector was assumed to be a scaled-up version of QCD, leading to estimates for the S parameter that are unacceptably large [2] . In addition, an extended technicolor (ETC) sector must be added to generate the operators needed to account for Standard Model fermion masses [3] . In many ETC models, it is impossible to account for a heavy top quark (which requires the ETC scale to be low) and suppress other ETC operators that contribute to flavor-changing-neutral-current (FCNC) processes (which requires the ETC scale to be high). Viable and elegant ETC models have been few and far between.
Developments over the last decade in the physics of higher-dimensional and conformal field theories, however, have led to new possibilities in technicolor model building [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . For example, the magnitude of the S parameter in QCD-like technicolor theories suggests one should not exclusively study theories that are exactly like QCD (as, for example, in Refs. [5] or [6] ). A decade or so ago, this would have been a fruitless effort. Now, the AdS/CFT correspondence [20] provides a means of constructing a perturbative, five-dimensional (5D) theory that is dual to a strongly coupled technicolor theory localized on a four-dimensional (4D) boundary [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . For some values of the parameters that define the 5D theory, the dual theory can model a scaled-up version of QCD. However, for other parameter choices it does not. In either case, observables can be computed reliably in the 5D theory, which we can think of as defining its strongly coupled dual. The freedom to deviate from the QCD-like limit only presumes the validity of a gauge/gravity correspondence. The evidence for this is not insignificant, and includes holographic models of QCD phenomenology that agree remarkably well with the low-energy data [21, 22] .
The problem with fermion mass generation in the conventional ETC framework, on the other hand, may suggest something about the form of the relevant low-energy effective the-ory. It was observed long ago that a techniquark bound state with the same quantum numbers as a Standard Model Higgs doublet can form in ETC models in which the ETC gauge coupling becomes strong [23] ; this bound state has Yukawa couplings to the Standard Model fermions and may develop a vacuum expectation value, producing fermion masses.
The low-energy effective theory, taken by itself, has no problems with FCNC effects, since these originate from scalar-exchange diagrams that are no larger than in conventional twoHiggs doublet models. A significant number of phenomenological studies on such "bosonic technicolor" scenarios were motivated by the simplicity of this low-energy effective theory [24] [25] [26] [27] [28] [29] [30] [31] [32] . While bosonic technicolor can arise from a (fine-tuned) strongly coupled ETC model, the low-energy effective theory is by no means linked uniquely to that ultraviolet completion. For example, the same effective theory can arise in a warped, 5D theory with a Higgs field localized near the Planck brane and symmetry-breaking boundary conditions on the bulk gauge fields [7] . In this setting, the presence of a scalar in the spectrum of the theory seems far from scandalous. The value of working with the low-effective effective description is that one can extract robust, low-energy predictions of the theory without being hindered unnecessarily by one's ignorance of the physics that has decoupled in the ultraviolet.
It is such robust predictions of the low-energy effective theory that are of interest to us in this paper. Using the holographic approach to define our strongly coupled sector, and the associated freedom to deviate from the limit in which this sector is like QCD, we show that the parameter space of the theory is nonetheless significantly constrained. Combining the bounds on the S parameter (evaluated holographically), partial-wave unitarity in longitudinal W boson scattering (with the technirho couplings evaluated holographically) and the bound on the mass of the light Higgs-like scalar (with a relevant chiral Lagrangian parameter evaluated holographically), we find that there is a relatively narrow region of parameter space in which the model is currently viable. In deforming the theory away from its QCD-like limit, we focus primarily on varying the ratio of the chiral symmetry breaking to the confinement scale, as well as the amount of explicit chiral symmetry breaking originating from the current techniquark masses. In addition, bosonic technicolor models allow one to vary the symmetry breaking scale associated with the strongly interacting sector, while holding the electroweak scale fixed. Within the allowed parameter region, the ranges of observable quantities are substantially restricted, suggesting the qualitative features of the model that may be relevant at the LHC. The new results presented here suggest that the simplest version of holographic bosonic technicolor may be sufficiently constrained that upcoming collider data could soon render debates on the possible origins of the effective theory largely irrelevant.
Our paper is organized as follows. In the next section, we review the relevant lowenergy effective theory. In Sections III and IV, we discuss the holographic calculations of the observable quantities that we use to constrain the parameter space of the theory. In Section V, we present our numerical results and in Section VI we summarize our conclusions.
II. THE MODEL
The gauge group of the model is G TC × SU(3) C × SU(2) W × U(1) Y , where G TC represents the technicolor group. We will assume that G T C is asymptotically free and confining. We assume two flavors of technifermions, p and m, that transform in the N-dimensional representation of G TC . In addition, these fields form a left-handed SU(2) W doublet and two right-handed singlets, The technicolor sector has a global SU(2) L × SU(2) R symmetry that is spontaneously broken when the technifermions form a condensate
The electroweak gauge group of the Standard Model is a subgroup of the chiral symmetry; 
and to the ordinary fermions, To be more explicit, we use the conventional nonlinear representation of the Goldstone bosons to construct the electroweak chiral Lagrangian. We define
where Π represents an isotriplet of technipions, and f is their decay constant. The Σ field 6) which dictates the form of the pion interactions. To include the scalar doublet consistently in the effective theory, it is convenient to use the matrix form
The technifermion Yukawa couplings can be re-expressed as
Since the underlying theory would be invariant if the combination ΦH transformed as
one may correctly include this combination in the effective theory by assuming it transforms in this way. The lowest-order term in the electroweak chiral Lagrangian that involves ΦH is
where c 1 is an unknown, dimensionless coefficient; one expects c 1 to be of order one by naive dimensional analysis [33] in a QCD-like theory. Henceforth, we assume that h + = h − ≡ h, to simplify the parameter space of the model.
It is convenient to re-express the Φ field using a nonlinear field redefinition, similar to Eq. (2.5). Expanding about the true vacuum,
where f ′ is the vev of φ and Π ′ represents its isotriplet components. The kinetic terms for the Φ and Σ fields can be written 12) where the covariant derivative is given by
In the expansion of Eq. (2.12), there are quadratic terms that mix the gauge fields with derivatives of a specific linear combination of the pion fields:
14)
The mixing indicates that the components of π a are unphysical and can be gauged away.
On the other hand, the orthogonal linear combination, 15) represents physical states in the low-energy theory. The physical pion mass is determined from Eq. (2.10):
In unitary gauge, the remaining quadratic terms give the masses of W and Z bosons,
where v represents the electroweak scale
In the absence of a technicolor sector, with f ′ = v, the σ field corresponds to the Higgs boson of the Standard Model. Away from this limit, the σ field is similar to a Standard
Model Higgs boson, but with different couplings. Expanding the third term of Eq. (2.12),
we find that the coupling between σ and the gauge bosons is given by 19) which is reduced by a factor of f ′ /v compared to the result in the Standard Model. The couplings of the Φ field to the quarks is given by
where
Using Eq. (2.11), this may be written
Taking into account the leptons, the coupling of the σ field to fermions is given by
Eq. (2.22) is larger than the corresponding result in the Standard Model by a factor of v/f ′ ; this enhancement corresponds to the larger Yukawa couplings that are required when electroweak symmetry breaking comes mostly from the strongly coupled sector.
III. HOLOGRAPHIC CALCULATIONS
We model the technicolor sector using the AdS/CFT correspondence [20] , which allows us to numerically evaluate the otherwise undetermined coefficients of the electroweak chiral Lagrangian, such as the parameter c 1 of Eq. (2.10). The AdS/CFT correspondence conjectures a duality between a 5D theory in anti-de Sitter (AdS) space and 4D conformal field theory (CFT) located on a boundary. For theories like QCD that are confining, the metric is a slice of AdS space:
The position in the fifth dimension z corresponds to the energy scale in the 4D theory;
branes at z = ǫ and z m correspond to the ultraviolet (UV) and infrared (IR) cutoffs of the dual theory. The AdS/CFT correspondence dictates that operators in the boundary theory correspond to bulk fields in the 5D theory. To be more precise, given an operator O with the source φ 0 (x), the generating functional in the 4D quantum field theory, W 4D , is given by the classical action of the 5D theory written in terms of the boundary value of the corresponding bulk field, φ(x, z):
In addition, the AdS/CFT correspondence identifies each global symmetry in the boundary theory with a gauge symmetry in the 5D theory. The 5D action that describes the technicolor sector of our model is
The chiral symmetry of the technicolor sector corresponds to the SU(2) L ×SU(2) R gauge symmetry of the 5D theory, with gauge fields 
The scalar field (2/z)X corresponds to the operatorq R q L , while the gauge fields A
The equations of motion for the X field may be solved, subject to the UV boundary condition 2/ǫ X(ǫ) = m q :
The techniquark mass m q is related to the parameter h by m q = h f ′ / √ 2. The coefficient σ c is equal to the condensate σ 0 (defined in Eq. (2.2)) when m q = 0, as can be shown by varying the action with respect to m q and then taking the chiral limit. More generally, σ c is a parameter that defines the holographic theory that we will eliminate in terms of the technipion decay constant f , as we discuss below.
We work with the vector and axial vector fields
respectively. The bulk-to-boundary propagator V (q, z) is defined as the solution to the transverse equations of motion with
ǫ is the UV boundary. From Eq. (3.3), it follows that the bulk-to-boundary propagators
In accordance with Eq. (3.2), the vector and axial vector two-point functions are given holographically by [21] 
Comparing Π V with the known perturbative result for an SU(N) gauge theory, valid at high
We discuss this assumption further in the section on our numerical results 1 . With the holographic self-energies determined, we may compute the technipion decay constant using the observation that Π A → −f 2 as q 2 → 0 in the chiral limit, as in Ref. [21] . Since we treat f as an input parameter, this computation may be inverted to solve for the parameter σ c gives us the normalization condition
For the pions, the situation is slightly more complicated. There is an isotriplet component π of the X field, X = X 0 exp(2 i π a t a ); the longitudinal component of the axial vector field, ϕ is also an isotriplet, A M = A M ⊥ + ∂ M ϕ. These fields satisfy the coupled equations of motion
The technipion state Π corresponds to an eigensolution of the form π(q, z) = π(z)Π(q) and
Again, requiring a canonical 4D kinetic term for the Π field gives the desired normalization
The ρ Π Π coupling originates from V ϕϕ, V ϕπ and V ππ interactions in the 5D theory, evaluated on the lowest modes:
This result is not quite what we need since we have not taken into account that physical pion states in the bosonic version of the theory involve mixing between the Π and Π ′ fields. Following from the 5D Lagrangian, the generic interaction between the technirho and the π a and/or π p fields is of the form
where X and Y are either a physical or absorbed pion. Taking into account the mixing in Eqs. (2.14-2.15), it follows from Eq. (3.14) that
For the masses of the technirho of interest to us later, the π a couplings will accurately describe the coupling of the technirho to longitudinal W bosons via the Goldstone boson equivalence theorem.
IV. CONSTRAINTS ON THE MODEL A. S Parameter
The size of the S parameter represents a significant challenge for most technicolor theories [2] . Electroweak precision tests favor a value smaller than 0.09 [34] ; we use this fact to exclude regions of the f -m ρ plane. The S parameter may be defined in terms of the self-energies Π V and Π A , which are computed holographically via Eq. (3.7): Note that the dependence of the self energies on the ultraviolet cut off, 1/ǫ, cancels between the two terms in Eq. (4.1) 2 . It was shown in Ref. [6] , that the value of the S-parameter may be reduced by decreasing f or increasing m ρ . (The same effect has been described in a different context in Ref. [35] .) In the first case, one approaches the limit where electroweak symmetry breaking is accomplished almost entirely by the φ field, so the presence of technihadronic resonances is irrelevant; in the second case, the technihadronic resonances are decoupled, which also reduces the result for fixed f .
B. Unitarity
In the Standard Model, unitarity of the W + W − → W + W − scattering amplitude can be used to obtain a constraint on the Higgs boson mass [36] . In the present model, the σ field is analogous to the Standard Model Higgs boson, but its coupling to W + W − is reduced by a factor of f ′ /v, as we saw in Eq. (2.19). The Feynman diagrams involving gauge fields and the σ boson are shown in Fig. 1 . The corresponding amplitude is given at leading order by
2 Given that we extract f from Π A alone, is it worth noting that the ln ǫ dependence in this self-energy vanishes for q 2 = 0 in the chiral limit. However, for m q = 0, there is a divergence proportional to m 2 q ln ǫ in Π A (0) that we subtract. In the language of chiral perturbation theory, this is equivalent to adding a counterterm whose unknown finite part is of order m for momenta large compared to m W . In addition, the scattering amplitude also receives important contributions from diagrams involving technirho exchanges, shown in Fig. 2 . To evaluate these, we use the Goldstone boson equivalence theorem and compute the technirhoexchange contributions to π
, where π a is the linear combination of isotriplet fields that would be absent in unitary gauge. This will give the longitudinal W boson scattering amplitude accurately for external momenta large compared to the W boson mass, a criterion that will always be satisfied in the regions of parameter space that are of interest to us. The ρπ a π a coupling is given by Eqs. (3.16) and (3.17), with g ρΠΠ computed holographically using Eq. (3.14). Thus, we find the technirho contribution to the scattering
and the total amplitude
Note that the total amplitude is gauge invariant, as is M ρ separately.
The most significant constraint from unitarity can be obtained by considering the J = 0 partial wave Since the σ field has no vacuum expectation value, V ′ (f ′ ) = 0, from which it follows that
The mass of σ is given by V ′′ (f ′ ):
We can eliminateλ using Eq. (4.8), as well as the chiral Lagrangian parameter c 1 using
Eqs. (2.16) and (4.7):
Since the last term is no smaller than zero in the models of interest 3 , we conclude that
The physical pion mass m π is computed holographically following the discussion of Sec. III.
For any region of the f -m ρ plane where the right-hand side of Eq. (4.11) is less than the LEP bound, the σ mass can never be any larger, for any positive M 2 .
V. NUMERICAL RESULTS

A. Allowed Regions
In this subsection, we present our results for the allowed region of the model's parameter space. We first assume h = 0.01 and that the value of g 5 is the same as in an SU (4) technicolor sector. For the unitarity calculation, we fix the σ mass at the LEP bound, 114.4 GeV; taking the σ mass higher only makes the unitarity bound on the ρ mass stronger.
The excluded regions are plotted on the f /v versus m ρ plane. We later consider how the excluded regions change as h and g 5 are varied.
Our results are presented in Fig. 3 . The bound from the S parameter eliminates the portion of the plot with large f and small technirho masses. In this region, the mass scale of the technihadrons is low and electroweak symmetry breaking is primarily a consequence of technicolor dynamics; one would expect this to correspond to a problematic value of the S parameter. On the other hand, the unitarity constraint excludes the region with large 3 If M 2 < 0, EWSB occurs whether or not there is a technicolor condensate, and the model is different in spirit (and arguably less interesting) then the model we consider here. We do not discuss this possibility further. f and large technirho masses. Here the theory is more technicolor-like, and the technirho has a greater impact than the σ boson in unitarizing the theory. Finally, for small values of f and small technirho masses, there is no value of M 2 ≥ 0 for which the σ boson mass is as large as the LEP bound. The allowed region is represented by the narrow band in the central region of Fig. 3 . The intersection of the boundaries from the S parameter and σ mass bounds gives us a lower bound on the technirho mass:
The allowed region and the lower bound on technirho mass can change if we vary the assumed values of h and g 5 . In Fig. 4 , we show the effect of increasing the techniquark Yukawa coupling h from 0.01 to 0.05. While the unitarity and S parameter exclusion regions are only slightly affected, the boundary of the LEP-excluded region is shifted noticeably. In constructing the holographic model of the technicolor sector, the 5D gauge coupling was chosen so that current-current correlators would have the same high-q 2 behavior as in an SU(N) gauge theory. The same approach is used in successful holographic models of QCD [21] , where one knows with certainty that the gauge theory of interest is SU(3). In our case, this choice simply defines the class of models that we choose to study, and allows us to make definite phenomenological predictions. While predictivity requires us to make some well-motivated choice for g 5 , it is still useful study whether our predictions are sensitive to the precise value chosen. To do so, we allow g 5 to vary by half and twice the value given in Eq. (3.9). The results are shown in Fig. 5 . One can see that the qualitative changes in the shape of the allowed region are not particularly dramatic.
B. Technirho Decays
Since the allowed parameter space of Fig. 3 that is within the reach of the LHC is limited, it is interesting to see whether observable quantities vary appreciably within this region. We focus on the ρ and technipion masses, as well as the dominant ρ branching fractions. The technirho couples most strongly to the technipion field Π, which is partly π p and π a . Using the fact that the technipion mass is considerably smaller than technirho mass, the decay with the coupling g ρ Π Π calculated holographically using Eq. (3.14). The associated decay widths are given by [6] 
There are many subleading decay modes that one could also consider. Each could be evaluated by a holographic calculation, in some cases requiring the modification of the 5D theory to include additional fields. A complete analysis goes beyond the scope of the present work.
However, we will consider the decay to dileptons here, since this represents a particularly clean channel for searches at the LHC. This decay proceeds via the vector-meson dominance couplings of the technirho to the photon and the Z. In the 5D theory, the gauge fields of a weakly gauged subgroup of the global chiral symmetry of the boundary theory appear as coefficients of the non-normalizable modes of the bulk gauge fields [39] . Substituting these into the 5D Lagrangian and integrating over the extra dimension yields the desired couplings: Here s θ (c θ ) represents the sine (cosine) of the weak mixing angle. The technirho decay constant is given by
Since the product m ρ z m is fixed for the lowest vector resonance, one finds f ρ ≈ 4.8. The decay width to a single flavor of lepton is then straightforward to compute:
Here Q e = −1, c V,e = −1/2 + 2s 2 θ , and c A,e = −1/2. The total decay width is obtained by summing the partial widths for all decay channels. Ignoring some of the possible subleading modes only provides small corrections to the branching fractions that we consider here. Table I presents our results for the case h = 0.01, over a set of sample points within the allowed region of the model's parameter space. The location of the sample points is shown in Fig. 6 . From the table, we see that the total decay width depends almost solely on m ρ for m ρ < 5 TeV (we don't consider larger masses, which are not likely to be within the reach 
VI. CONCLUSIONS
We have shown how the combined constraints from the S parameter, partial-wave unitarity and searches for a light Higgs-like scalar, meaningfully limit the viable parameter space of a simple holographic bosonic technicolor model. The parameter space of the model itself indicates an important difference between this model and conventional, QCD-like technicolor theories: different points in the f -m ρ plane have different ratios of the chiral symmetry breaking scale to the confinement scale. In QCD-like technicolor, this ratio is fixed. The S parameter eliminates the region where f is large and m ρ is small. Here, technicolor dynamics is the primary agent responsible for electroweak symmetry breaking. Perturbative unitarity eliminates the region where f is large and m ρ is large. Here, the technirho is more important than the Higgs-like scalar in unitarizing the theory. Finally, the LEP bound on the mass of the Higgs-like scale eliminates the region where both m ρ and f are small. Below m ρ < 5 TeV, a limited region of allowed parameter space remains. We pointed out a number of physical quantities (for example, the ratio of the physical pion to technirho mass and the technirho branching fraction to two pions) that do not vary strongly within this region. We also studied how the allowed region changes as the techniquark mass and the 5D gauge coupling are varied.
In the near future, data from the LHC may make it possible to rule out this type of model, without recourse to philosophical or aesthetic arguments. For example, something as simple as a tighter lower bound on the neutral scalar mass could substantially squeeze or eliminate the allowed band in Fig. 3 . As another example, we have found that within the allowed region, the branching fraction of the technirho to two physical pions varies between 75-100%, suggesting a channel for future collider studies. Other decay modes that we have not considered may be of value in excluding additional parameter space, but these require additional holographic analysis as well as dedicated collider studies.
